-/-spermatocytes. By contrast, the L-foci number was very low through pachytene. Based on the analysis of ␥-H2AX labeling after irradiation of spermatocytes, the formation of DSBs clearly induced L-foci formation. Upon DSB repair, these foci appear to be processed and lead to the above mentioned S-foci. The presence of L-foci in wild-type pachytene and diplotene could therefore reflect delayed or unregulated DSB repair events. Interestingly, their distribution was different in Spo11 +/-spermatocytes compared with Spo11 +/+ spermatocytes, where DSB repair might be differently regulated as a response to homeostatic control of crossing-over. The presence of these L-foci in Spo11 -/-spermatocytes raises the interesting possibility of yet uncharacterized alterations in DNA or chromosome structure in Spo11 -/-cells.
Introduction
Meiosis is a specialized form of cell division essential to generate gametes in sexually reproducing organisms. Following a single round of DNA replication, two successive rounds of chromosome segregation lead to haploid gametes. Meiotic recombination is required to sort the two sets of homologs and connect the corresponding chromosome pairs, so that they can segregate accurately at meiosis I. In almost all species, meiotic prophase is characterized by the formation of programmed DSBs catalyzed by the SPO11 protein, which triggers the initiation of homologous recombination. In Spo11-deficient mice, spermatocytes are eliminated by apoptosis at late zygotene/early pachytene as a consequence of chromosome structural defects or synaptic failures Romanienko et al., 2000) .
The events that proceed from SPO11-induced DSBs are not yet fully elucidated in mammals but have been extensively characterized in yeast. Studies in S. cerevisiae have shown that a complex regulation operates in order to channel recombination events via the classical DSB repair (Szostak et al., 1983) or via synthesis-dependent strand annealing (SDSA) into at least two outcomes: (1) crossover (CR), the reciprocal product of recombination between homologous chromosomes and (2) gene conversion without CR (NCR) (Allers et al., 2001; Borner et al., 2004; de los Santos et al., 2003) . In mouse, the number of DSBs was estimated on the basis of the cytological detection of RAD51/DMC1 proteins, which are thought to represent early intermediates of recombination (Ashley et al., 1995; Barlow et al., 1997; Moens et al., 1997) . Both proteins catalyze the invasion and strand-exchange reaction between homologous chromosomes forming joint molecules. They appear in high abundance after DNA breakage, i.e. at leptotene. In the male, their number peaks at about 300 foci per nucleus and gradually declines from 200 to 100 foci during zygotene to disappear completely at diplotene. Almost all RAD51 and DMC1 foci colocalize on chromosomes during the successive stages of the meiotic prophase Tarsounas et al., 1999) . CRs are cytologically identified by the presence of the mismatch repair protein homologs MLH1 and MLH3: both colocalize on chromosome axes of pachytene bivalents (Anderson et al., 1999; Baker et al., 1996; Lipkin et al., 2002; Marcon et al., 2003) . Number and distribution of these specific events of recombination, on average 23 per mouse spermatocyte, are controlled so that each chromosome undergoes at least one CR that will become visible as chiasma at diplotene/diakinesis. Analysis of meiotic recombination has also been performed by molecular detection of geneconversion events repair, throughout the first wave of spermatogenesis (Guillon et al., 2002) .
H2AX, a highly conserved histone H2A variant, accounts
Meiotic DNA double strand breaks (DSBs) are indicated at leptotene by the phosphorylated form of histone H2AX (␥-H2AX). In contrast to previous studies, we identified on both zygotene and pachytene chromosomes two distinct types of ␥-H2AX foci: multiple small (S) foci located along autosomal synaptonemal complexes (SCs) and larger signals on chromatin loops (L-foci). The S-foci number gradually declined throughout pachytene, in parallel with the repair of DSBs monitored by repair proteins suggesting that S-foci mark DSB repair events. We validated this interpretation by showing the absence of S-foci in Spo11
for 10-20% of the total H2A proteins of chromatin (Redon et al., 2002) . It is found in large amounts in adult germ cells (Nagata et al., 1991; Tadokoro et al., 2003; Yoshida et al., 2003) . H2AX differs from other H2A isoforms by the presence of a conserved SQ motif at the C-terminus that is phosphorylated on the serine residue 139 in mammals. Its modified form, named ␥-H2AX (Rogakou et al., 1998 ), rapidly appears after DSB induction in the form of nuclear foci that contain proteins involved in both DNA repair (Paull et al., 2000) and checkpoint signaling (Bassing et al., 2004; Peterson et al., 2004) . In cultured mammalian somatic cells, appearance of ␥-H2AX foci peaks within 30-60 minutes following exposure to radiation (IR) (MacPhail et al., 2003; Rogakou et al., 1999; Rogakou et al., 1998) . Each focus corresponds to one DSB . The wave of H2AX phosphorylation spreads several DNA megabases from each side of the break and promotes structural chromosome changes. The chromatin remodeling serves to concentrate and retain factors in the vicinity of the lesion, and helps to keep ends tethered together (Bassing et al., 2004; FernandezCapetillo et al., 2004; Thiriet et al., 2005) . In male mouse spermatocytes ␥-H2AX is spatially and temporally linked to synapsis and meiotic DSBs (Mahadevaiah et al., 2001) . During leptotene, it is abundant and encompasses a large proportion of the developing axial elements containing DMC1 foci that are Spo11-dependent (Baudat et al., 2000; Romanienko et al., 2000) . Throughout zygotene, DMC1 foci on asynapsed region of axial elements continue to be located within ␥-H2AX domains. Once autosomal synapsis has occurred ␥-H2AX is found to be restricted to the XY chromatin and non-synapsed autosomal regions (Mahadevaiah et al., 2001) , just prior to meiotic sex chromosome inactivation (MSCI) and meiotic silencing of unsynapsed chromatin (MSUC) (Mahadevaiah et al., 2001; Turner et al., 2005; Baarends et al., 2005) . Phosphorylation of H2AX specifically associated with the XY body has been shown to be driven by ATR via BRCA1 to asynapsed chromatin (Baart et al., 2000; Turner et al., 2004) and is also dependent on Spo11 (Bellani et al., 2005) . The repair of SPO11-induced DSBs lasts 7 days in mice and can be monitored by the immunolocalization of repair proteins, such as RAD51, RPA or MSH4, on pachytene spermatocyte spreads Neyton et al., 2004) . Interestingly, several studies on somatic cells showed that the kinetics of ␥-H2AX loss is related to DNA repair activity (Nazarov et al., 2003; Rothkamm et al., 2003) , but completion of DSB repair does not necessarily imply the disappearance of ␥-H2AX foci (Antonelli et al., 2005; Bouquet et al., 2006; Forand et al., 2004) . Thus, because ␥-H2AX foci on synaptonemal complexes (SCs) are markers of SPO11-dependent DSB repair at early stages of the meiotic prophase (Hunter et al., 2001; Mahadevaiah et al., 2001) , they might still be detectable at pachytene. Accordingly, ␥-H2AX foci were detected along SCs in human and grasshopper pachytene cells, and colocalized with repair protein foci (Lenzi et al., 2005; Roig et al., 2004; Viera et al., 2004) . By contrast, no ␥-H2AX foci were observed at this stage in mouse spermatocytes by Mahadevaiah et al. (Mahadevaiah et al., 2001 ), suggesting differences between species in the dynamics of H2AX phosphorylation/dephosphorylation (Lenzi et al., 2005) . We have reexamined the phosphorylation of H2AX on mouse spermatocytes and observed two types of foci that are present at the pachytene stage but have distinct kinetics and functional properties. We propose that small (S) ␥-H2AX foci (S-foci) specifically indicate sites of SPO11-DSBs undergoing repair, wheras larger ␥-H2AX signals on chromatin loops (L-foci) target both unrepaired SPO11-DSBs and SPO11-independent events.
Results
Distinct ␥-H2AX signals are associated with spermatocyte chromosomes Mahadevaiah et al. have previously described the expression of ␥-H2AX during prophase I in mice by using immunofluorescence (Mahadevaiah et al., 2001 ). This expression was defined as ␥-H2AX domains at leptotene and zygotene stages whose intensity declined on autosomes in relation with synapsis formation. Then, from late zygotene to diplotene ␥-H2AX staining exclusively involved the sex body. Functionally, the first wave of H2AX phosphorylation is thought to represent the response to the SPO11-dependent formation of meiotic DSB, whereas the second wave is related to MSCI. When we monitored H2AX phosphorylation in late zygotene to pachytene stages we found, apart from the sex body staining, two distinct types of relatively weak ␥-H2AX signal: S foci that are located on the SC and also L-foci, the broader signals that are linked to the SC protrude along chromatin loops (Fig. 1Aa,b ,e,f).
S-foci have properties compatible with sites of meiotic DSB repair
To assess a possible relationship between these ␥-H2AX foci and meiotic DSBs, we first quantified the time course of both ␥-H2AX foci. At zygotene, the number of ␥-H2AX foci was too high to be quantified with confidence ( Fig. 1Aa) . At pachytene, although the intense labeling of sex chromosomes generally overlapped with one or more SCs, we found an average of 120 S-foci per cell at early pachytene (Table 1, Fig.  1Ab ). This number was fairly constant from cell to cell and mouse to mouse. However, differences were observed according to mouse strains, age and rodent species (Table 1) . For instance, greater numbers of S-foci per cell were found in juvenile compared with adult mice; S-foci number also varied in a way that was independent of the number of bivalents in guinea pig and chinchilla (Table 1 , Fig. 1Ac,d ). At late pachytene, the number of S-foci per cell decreased to 48 (n=78 cells, 2.55±1.17 per bivalent, Fig. 1Ae ). No S-foci were seen at diplotene (Fig. 1Af) .
By contrast, L-foci were much less frequent at both early ( (Fig.  1B) . Indeed, from early to late pachytene we observed the accumulation of cells containing more than two L-foci (14% to 47%, respectively). L-foci were still observed at diplotene in the same proportion as at pachytene (0.67±0.9 per cell, P>0.05, n=50 cells). Notice that, even at diakinesis the mean number of ␥-H2AX signals remained constant (1. 12±1.86, P>0.05, n=84) . However, we found that the distribution of cells according to the number of L-foci was different between late pachytene and diplotene ( 2 =11.7, =2, P=0.003) (Fig.  1B) . The proportion of cells devoid of L-foci increased from late pachytene (33%) to diplotene (57%) giving evidence of DSB repair and/or cell elimination.
To check whether S-and L-foci correspond to sites of DSB undergoing repair, we looked for their possible colocalization with RAD51/DMC1 foci at early/mid-pachytene (Fig. 2Aa) . Ten cells at early/mid-pachytene were analyzed and the proportions of either RAD51 or ␥-H2AX foci versus mixed foci were calculated. Among the 230 RAD51 foci recorded, 57% colocalized with one of the 1100 ␥-H2AX S-foci, a further 13% were neighboring with ␥-H2AX S-foci.
At late pachytene, about 50 S-foci were still present on SCs. In agreement with published data (Anderson et al., 1999 ; . Axial elements and SCs were labeled by anti-SCP3 antibody using a Cy3-conjugated secondary antibody (red). In mice, numerous S-foci (arrowhead) and L-foci (arrow) coexist at early zygotene (a). At early pachytene (b), numerous S-foci persist and only few L-foci are detected. At late pachytene (e), the number of S-foci strongly decreased whereas the number of Lfoci remained steady. Finally, at diplotene (f) no more S-foci were found. Numerous S-foci were also detected on early pachytene of guinea pig (c) and chinchilla (d) (see Table 1 for quantification of S-foci number). From pachytene to diplotene stages the XY body was intensely stained (*). Bars, 10 m. (B) Distinct ␥-H2AX L-foci distributions at early and late pachytene, diplotene and diakinesis. Pachytene cells at early (black bars) and late (dark gray bars) stages, diplotene stage (light gray bars) and diakinesis (white bars) were distributed according to their number of L-foci per cell. Ashley et al., 2004) , we observed that MLH1 foci appeared at mid-pachytene, their number reaching a maximum of 24.6±2.5 per cell (n=181). Among 26 spermatocyte nuclei, we recorded 529 MLH1-only foci, 1640 pure S-foci and 122 mixed MLH1-S-foci. Thus, mixed foci represented 19% of all MLH1 foci and an additional 25% of MLH1 foci were immediately neighboring one of the S-foci (Fig. 2Ba) . We did not observe any colocalization of L foci with RAD51 or MLH1.
Spo11
-/-zygotene spermatocytes display exclusively L-foci If L-and S-foci in spermatocytes mark DSB formation and repair events, respectively, these foci were expected to be Spo11 dependent. We therefore investigated ␥-H2AX formation in Spo11 -/-mice. In these mice, meiotic cells are arrested at the end of zygotene or the beginning of pachytene and are subsequently eliminated by apoptosis. We, therefore, focused our analysis on juvenile mice (15 days post partum) to avoid the analysis of apoptotic cells, which are more abundant in adult mice (Baudat et al., 2000) . It is noteworthy that in nuclei of Spo11 -/-spermatocytes a ␥-H2AX domain is observed. Although it looks similar to a sex body, it was actually found not to colocalize with X or Y chromosomes (which are not synapsed in Spo11 -/-mutants) and was therefore called the pseudo sex body (Barchi et al., 2005; Bellani et al., 2005) .
In our analysis, no S-foci was detected in Spo11
-/-zygotene/early pachytene spermatocytes, which is in agreement with our interpretation for a relationship between DSB repair and S-foci formation (compare Fig. 3Aa ,b controls with 3Ac,d Spo11 -/-cells). Surprisingly, we observed cells with ␥-H2AX signals that looked like L-foci attached to the chromosome cores labeled by SCP3 staining (Fig. 3Ac) . This was in addition to detecting the signal that corresponded to the pseudo sex body. In fact, we identified two categories of Spo11 -/-nuclei -one with and one without the pseudo sex body (Fig.  3Ac,d ) -predicted to correspond to early and late zygotene, respectively. This was indeed confirmed by co-labeling cells with SCP1 (a marker for the transversal element of the SC) and anti-␥-H2AX antibodies (Fig. 3AcЈ,dЈ) . We found that 24% of nuclei positive for SCP1 (12 nuclei, n=51) were devoid of pseudo sex bodies, whereas 76% (39 nuclei, n=51) did exhibit a pseudo sex body. These results are coherent with the fact that, upon progression into zygotene, non homologous synapsis proceeds while a pseudo sex body is formed (Fig. 3Ad,dЈ (Fig. 3B) . Namely, we found that the proportion of nuclei with more than ten L-foci was greater (38%) at early zygotene than at late zygotene (17%) ( 2 =5.76, =1, P=0.016). These results show that L-foci can occur in the absence of SPO11. The trigger involved is not known but could be related to synaptic failure or chromosome structure alterations. Whatever the mechanism, it is possible that L-foci formed in early zygotene are processed and clustered, then leading to the formation of the pseudo sex body at late zygotene.
␥-H2AX pattern in Spo11
+/-pachytene spermatocytes Given that Spo11 -/-spermatocytes do not proceed to pachytene, we compared Spo11 +/-and Spo11 +/+ spermatocytes for their ␥-H2AX pattern at pachytene. We found the same Journal of Cell Science 120 (10) number of S-foci at early and late pachytene on Spo11 +/+ (7.63±1.73 per bivalent, n=72 cells; 3.66±1.50 per bivalent n=46 cells) and Spo11 +/-(7.64±1.37 per bivalent n=81; 3.05±1.12 per bivalent n=40) spermatocytes (Fig. 4A) . In contrast to S-foci, more L-foci were found in Spo11 +/-(n=81 cells) than in Spo11 +/+ (n=72 cells) pachytene cells but the difference was only significative at early pachytene (P<0.0001; Fig. 4B ). In addition, the distribution of the number of L-foci per cell during pachytene stage progression was the opposite in Spo11 +/+ and Spo11 +/-cells ( 2 >18.4, =2, P<0.0001). In Spo11 +/+ cells, late pachytene had the highest number of L foci, whereas in Spo11 +/-cells, early pachytene had the highest number of L foci (Fig. 4C) .
Both S-and L-foci are induced by DSB inducers To understand the potential relationship between L-foci and DSB-repair events, we analyzed the consequence of ␥-irradiation of spermatocytes on the formation ␥-H2AX foci. Mice were first exposed to ␥-rays at increasing doses up to 2 Gy (Fig. 5A ). Pachytene cells were analyzed 8 hours after irradiation to allow a reliable quantification of ␥-H2AX foci on SCs even at the highest dose tested ( Fig. 5Ba and aЈ) . ␥-rays were found to lead to additional L-foci in cells at early and late pachytene, and the number of these foci increased with the received dose from 0.5-2 Gy; it was greater in early (from 2.8-to 5.2-fold) than late (from 1.4-to 3.4-fold) pachytene cells (Fig. 5Ba) . We then determined the kinetics of appearance and disappearance of radioinduced ␥-H2AX foci at different time-points (from 15 minutes to 26 hours) after irradiation at a dose of 1 Gy (Fig. 5Bb and bЈ) . A ten-to 16-fold increase of L-foci number (12 to 15 additional L-foci) was observed at both early and late pachytene within 15 minutes after irradiation, reached a maximum 1 hour post-irradiation and remained constant for another hour (about 17 to 20 additional L-foci). Four hours after irradiation the number of L-foci had decreased leading to the disappearance of 82.5% of the radioinduced L-foci (14 to 16 L-foci less) by 8 hours after irradiation. The number of L-foci returned to its basal value 18 hours later (Fig. 5Bb) . Thus, with a dose of 1 Gy, up to 20 Lfoci were rapidly generated (within 15 minutes) in pachytene cells, most likely as a consequence of DSB formation. These foci then disappear within 4-8 hours presumably in parallel with DSB repair.
S-foci were more difficult to detect and measure for two reasons: first, at early time points after irradiation, the relatively high number of L-foci prevented S-foci detection. Second, given the high number of background level of S-foci (i.e. already present in non-irradiated cells), new S-foci could be detected only if they contributed to a statistically significant proportion of total foci. Assays of various doses did not reveal any dose-effect relationship in contrast to L-foci (Fig. 5BaЈ ) and irradiation at 1 Gy was chosen for further analysis. Counts of S-foci were found to be highly reproducible and irradiation at 1 Gy lead to two waves of increases in S-foci number at both early and late pachytene (Fig. 5BbЈ) . The first increase was apparent 1 hour or 2 hours post irradiation according to the pachytene stage analyzed (about 12 to 17 additional S-foci). After 4 hours, the number of S-foci decreased to the basal level. A second transient increase in S-foci number was observed 8 hours post irradiation (about 12 to 13 additional S-foci). Taken together, this analysis of L-and S-foci formation upon irradiation indicates a major induction of L-foci from 15 minutes to 1 hour after irradiation. Although the variations of S foci number was more difficult to evaluate, the transient increase in S-foci number is compatible with the notion that, upon DSB repair, L-foci are converted into S foci, as suggested by the in vivo meiotic cell analysis. The observation of two waves of S foci formation remains to be understood however (see Discussion).
To further confirm the relationship between L-and S-foci formation and DSB formation and repair in pachytene spermatocytes, we looked at the impact of either neocarzinostatin (NCS) (Noel et al., 2003) described as a specific DSB inducer and MMS (methyl methane sulfonate), assumed to induce single-strand breaks (SSBs) only (Campalans et al., 2005) . Because these experiments can only be conducted in vitro, we developed and validated conditions of in vitro maintenance of testicular cells for several hours. Namely we found comparable effects of irradiation in vivo and in vitro (not shown). An increase in the number of L-foci was clearly observed 10 minutes after NCS treatment (Fig. 5Bc) , similarly to what was observed 15 minutes after cell irradiation (Fig. 5Bb) . The variation in S-foci number was not detected in either early or late pachytene cells (Fig. 5BcЈ) . Upon MMS treatment no additional L-foci were detected, in agreement with our interpretation of L-foci as mark for DSB formation (Fig. 5Bd) .
Discussion
Previous reports have shown that phosphorylation of H2AX during meiotic prophase is first apparent in 'chromatin domains' at leptotene until early zygotene, associated with meiotic DSBs (Hunter et al., 2001; Mahadevaiah et al., 2001) , and then exclusively on the sex body. Here, we show that two types of ␥-H2AX signal appear and coexist from zygotene to diplotene: discreet S-foci along axial and lateral elements of autosomes, and larger L-foci attached to SCs but extending into chromatin loops. Numerous S-and L-foci were detectable from the onset of zygotene, and the number of L-foci declined gradually until becoming a rare event throughout pachytene and diplotene. By contrast, we still found at pachytene multiple S-foci along the SC, as previously described in human and grasshopper (Lenzi et al., 2005; Roig et al., 2004; Viera et al., 2004) . Their number progressively decreased from about 120 to 50 from early to late pachytene and finally to zero at diplotene. ␥-H2AX S-foci were observed in different mouse strains (NMRI, C57/BL6x129SvJ mixed background and C57/BL6, data not shown) and other rodent species. This study focused on disclosing the nature of both S-and L-foci during meiosis.
␥-H2AX S-foci as Spo11-DSB repair Several lines of evidence support the hypothesis that S-foci detected at zygotene up to late pachytene indicate Spo11-induced DSB repair. We found the number of S-foci at early pachytene comparable to those of meiotic DSBs counted at the end of zygotene by Moens et al. . The progressive disappearance of these foci coincides with the time course of repair of meiotic DSBs (Keogh et al., 2006 ) and a subset of them colocalize with RAD51/DMC1 and MLH1 foci at early and late pachytene, respectively. Such collocations were also observed in human and grasshopper spermatocytes (Roig et al., 2004; Viera et al., 2004) . Finally, in contrast to Spo11
and Spo11 +/-cells, Spo11 -/-zygotene cells were devoid of Sfoci. Interestingly, at pachytene, we found that the number of S-foci was the same for Spo11 +/+ and Spo11 +/-mice, in spite of the heterozygote invalidation of Spo11. This suggests that the predicted reduction in the number of SPO11-DSBs induced at leptotene was balanced before the pachytene stage. Accordingly, reduced ␥-H2AX histone levels were observed in extracts from juvenile Spo11 +/-testes (i.e. containing spermatocytes up to leptotene or early zygotene stage), whereas the same number of MLH1 foci was observed at pachytene in Spo11 +/-and wild type [F. Cole, M. Jasin and S. Keeney (Molecular Biology Program, Memorial Sloane-Kettering Cancer Center, New York, NY), personal communication]. Thanks to this result, we propose that S-foci indicate chromatin sites of gene conversion events that depend on Spo11, including those converted to CRs. At the chromatin level, S-foci might derive from the larger domains of ␥-H2AX observed at leptotene around Spo11-induced DSB, indicating that a process of histone exchange or modification leads to the loss of the phosphorylated form of H2AX in two waves, first along the large chromatin domain, leading to S foci, then in the vicinity of the region undergoing DSB repair itself. The first wave might result from an early step of DSB repair (strand invasion, for instance), the second from completion of the DSB repair event.
␥-H2AX L-foci indicate DSBs before completion of DNA repair This study provided us with several arguments showing that Lfoci actually indicate newly formed DSBs at stages preceding DNA repair. Indeed, after treatment of pachytene cells by DSBinducers (NCS and ␥-rays), L-foci were transient: they appeared soon after treatment (10-15 minutes) and then progressively disappeared within a few to several hours. Similar kinetics of successive phosphorylation and dephosphorylation of ␥-H2AX have been found in irradiated somatic cells (Gavrilov et al., 2006; Nowak et al., 2006) . The observation of a small number of L-foci in untreated pachytene cells is still open to several alternative interpretations. They could clearly mark regions with unrepaired DSBs, formed at leptotene along the wave of Spo11 DSB induction, which requires ATM (Bellani et al., 2005) . It cannot be excluded that these L-foci are induced later by ATM or a yet unknown kinase. Persistence of L-foci until diakinesis suggests that their lifespan is longer than most other ␥-H2AX signals, unless a constant activity generates them. Their persistence could alternatively reflect not a defect of DSB repair but an inappropriate removal of ␥-H2AX in a region where DSB repair has been completed. One argument, coherent with a problem of DNA repair, comes from the observation of similar foci in an azoospermic man exhibiting a defect in meiotic DSB repair (Sciurano et al., 2006) and also in mice carrying mutations that affect either the repair of DSBs (Dmc1, Msh5, Atm) (Barchi et al., 2005) or SC assembly (Scyp1) (de Vries et al., 2005) . Furthermore, these ␥-H2AX foci were associated with RAD51/DMC1 foci at both pachytene and diplotene in Atm
Spo11
+/-and Scyp1 -/-mice (Bellani et al., 2005; de Vries et al., 2005) . The fact that we found differences in the number of L-foci throughout pachytene between Spo11 +/-and Spo11
is also coherent with a direct link with DSB repair regulated either in terms of schedule (Bellani et al., 2005; de Vries et al., 2005) or by a homeostatic control similar to that described in yeast (Martini et al., 2006) .
␥-H2AX L-foci might also point to other modifications in chromosome structure Additional information on L-foci came from the analysis of Spo11 -/-mice. We found that early zygotene cells exhibited more L-foci than late zygotene cells, and ␥-H2AX signals were already detected at leptotene (data not shown). At late zygotene or early pachytene stage, most nuclei showed globular ␥-H2AX staining corresponding to the pseudo sex body, and a small number to zero L-foci. These foci might be the result from uncharacterized DNA alterations occurring during S phase, or a response to the synapsis failure. A role for Spo11 in meiotic S phase has actually been reported in yeast (Cha et al., 2000) . However, given the limited numbers and areas covered by L-foci, it seems clear that the failure to form a synapse is not sufficient. Co-staining with SCP1 did not reveal specific colocalization with L-foci, therefore, nonhomologous synapsis formation is not involved either. Whatever the mechanism responsible for the signal, the pseudo sex body may be the result of the clustering of these domains. ␥-H2AX L-foci detected at Spo11 -/-zygotene were not labeled by ATR, in contrast to the pseudo sex body previously described by Bellani et al. (Bellani et al., 2005) .
In conclusion, we propose that ␥-H2AX L-foci reflect the presence of DSB formation and possibly another chromosome alteration present in Spo11 -/-cells. S-foci have features that are compatible with sites at with DSB repair takes place. Importantly, our analyses suggest two waves of control potentially linked to monitoring the progression of meiotic prophase -as shown by the two-stage disappearance of ␥-H2AX.
Materials and Methods

Animals
Adult NMRI and C57/BL6 strain mice (Charles River Laboratories, l'Arbresle, France), Spo11
+/-and Spo11 +/+ mice (Baudat et al., 2000) with a mixed C57/BL6x129Sv background were used in this study. Experiments were done under supervision of Ile de France I Ethics Committee and according to French regulations (Ministry of Agriculture Decree 87-848).
Spermatocyte culture
A suspension of testicular cells was prepared using enzymatic digestion with 100 U/ml collagenase type I (Invitrogen) for 25 minutes at 32°C in Hank's balanced salt solution (HBSS) supplemented with 20 mM HEPES (pH 7.2), 1.2 mM MgSO 4 , 1.3 mM CaCl 2 , 6.6 mM sodium pyruvate and 0.05% lactate. The resulting cell suspension was filtered through a 40-m nylon mesh to remove cell clumps. The cell pellet was washed with HBSS and resuspended at the concentration of 1.5ϫ10 6 per ml in MEM-␣ with glutamax without deoxyribonucleosides and ribonucleosides (Invitrogen) supplemented with 1.2 mM MgSO 4 , 1.3 mM CaCl 2 , 6.6 mM sodium pyruvate, 0.05% lactate, 2% bovine serum albumin (BSA), 5% heat-inactivated fetal calf serum and an antibiotic-antimycotic cocktail (Invitrogen), pH 7.1.
Irradiation and chemicals
Mice were whole-body exposed to ␥-rays from a 137 Cs source (IBL 637 Cis Bio International, France). Three doses were tested (0.5, 1 and 2 Gy) at a dose rate of 0.63 Gy/minute. For in vitro analyses, testicular cells were irradiated under the same conditions at 1 Gy and maintained for 3-7 hours in culture in the medium described above. For treatment with neocarzinostatin (NCS; kind gift from V. Favaudon, Unité 350 INSERM, Institut Curie-Recherche Bâts 110-112, Centre Universitaire, Orsay, France), NCS was prepared and titrated as described (Favaudon, 1983) . Working solutions were prepared immediately before use in ice-cold 1ϫPBS buffer without CaCl 2 and MgCl 2 (Invitrogen). Cultured testicular cells were treated for 10 minutes, 3 hours and 7 hours with increasing concentrations of NCS. Because 1 nM NCS yields the same amount of DSBs as 1.21 Gy ␥-rays (Noel et al., 2003) , we treated the cells at concentrations equivalent to 0.1, 0.2 and 0.5 Gy.
Spermatocyte chromosome preparations
Two types of spermatocyte chromosome preparation were made, depending on protein labeling, for all rodent species studied. For ␥-H2AX and MLH1 immunodetection, chromosomes were prepared according to the drying-down technique of Peters et al. (Peters et al., 1997) with some minor modifications. Tubules were minced in hypotonic extraction buffer for 50 minutes. The supernatant was then centrifuged for 5 minutes at 1200 rpm in a table-top centrifuge, the cell suspension volume was adjusted and the cells were fixed using 1% paraformaldehyde containing 0.2% Triton X-100. Colocalization of RAD51/DMC1 foci together with SCs containing ␥-H2AX foci was performed on spermatocytes surface-spread on 0.1 M NaCl, attached to glass slides, fixed in 1% paraformaldehyde at 4°C, and washed in Photo-Flo 200 (Sigma).
Secondary antibodies were:
donkey anti-rabbit cyanin 3 (Jackson ImmunoResearch; 1:400 dilution); donkey anti-rabbit fluorescein (Jackson ImmunoResearch; 1:100 dilution); donkey anti-rabbit cyanin 5 (Jackson ImmunoResearch; 1:50 dilution); donkey anti-rabbit antibody fluorescein (Jackson ImmunoResearch; 1:100 dilution); donkey anti-mouse fluorescein (Jackson ImmunoResearch; 1:50 dilution); donkey anti-guinea-pig cyanin 3 (Jackson ImmunoResearch; 1:400 dilution).
Immunofluorescence
Spermatocyte preparations were blocked in PBT (1% BSA, 3% SVF, 0,05% Triton X-100) for 30 minutes. For XRCC1 labeling, previous washes in Photo-flo 200 0,4%/H 2 O (Sigma, Saint Quentin Fallavier, France) were performed and slides were air-dried at least 15 minutes before blocking. Slides were then incubated with primary antibodies diluted in PBT for 1 hour at 37°C. After several PBS washes, appropriate secondary antibodies were incubated for 1 hour at 37°C and slides were washed with PBS, and then mounted with Vectashield (Vector Laboratories). RAD51/DMC1 immunolabeling was performed as described in Kwan et al. (Kwan et al., 2003) . For in vivo experiment at least 30 cells were analyzed per animal. For in vitro cell preparations, pooled of testis from two animals were used and at least 30 cells were analyzed per condition.
Spermatocyte staging
In all rodent species, the stages of meiotic prophase were identified using antibodies directed against protein SCP3, a component of axial element precursors of the lateral elements of the SCs following the criteria described by Moses (Moses, 1980) .
Microscopy
Image capture and analysis were performed using an Olympus AX70 epifluorescent microscope equipped with a charge-coupled camera (Roper Scientific) and IPlab software (Scanalytics). An IPlab software tool was used to measure SC lengths. Adobe Photoshop 7.0 software (Adobe Systems Incorporated) was used for image processing.
Data analysis
Each point represents the mean ± s.e.m. (standard error of the mean) of at least three independent experiments. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer multiple corrections test, the Mann-Whitney U test (Graphpad Instat 3.0 software) or the 2 test ( 2 , =degrees of freedom-1; Statview Software).
